Some of the essential properties for cellular scaffolding are the capability to maintain the three-dimensional (3D) structure, good adhesion, and adequate elastic modulus during cell growth, migration, and proliferation. Biocompatible synthetic hydrogels are commonly used as cellular scaffolds because they can mimic the natural extracellular matrices (ECMs). However, it is possible that the physicochemical and mechanical behavior of the scaffold changes during cell proliferation and loses the scaffold properties but this is rarely monitored. In this work, the physicochemical and mechanical properties of a macroporous soft material based on poly(N-isopropyl acrylamide) (PNIPAM) have been studied during a period of 75 days at culture condition while bovine fetal fibroblasts (BFF) were grown within the matrix.
Introduction
Hydrogels are hydrated polymeric networks with diverse properties that have, in recent years, allowed major advancements in their design, fabrication, and applications. The areas of use range from cell and therapeutic delivery to in vitro or in vivo platforms for creating and controlling cellular environments. 1, 2 Biomaterials based on natural and synthetic hydrogels are being widely used to develop cell-laden scaffolds or in vitro tissue-like structures analogous to extracellular membranes (ECMs). Hydrogels have great potential in tissue engineering because they can simulate the mechanical and physiological features of in vivo tissues. They can emulate the extracellular matrix structure, providing sites for adhesion, proliferation, and ultimately cell differentiation. 3, 4 Hydrogels have the advantage that they can be synthesized with the required physiological properties by modifying the chemical structure or composition of the starting materials, density of linking of polymer chains, elasticity, or porosity according to the particular biomedical application. 5 Some important factors to consider in scaffold design include biocompatibility, cell adhesion, proliferation, and differentiation. 6 While there are many chemical approaches for designing scaffolds, we chose poly(N-isopropylacrylamide) (PNIPAM) in our work. PNIPAM is one of the most widely used synthetic polymers for biomedical applications due to its volume phase transition temperature of about 32 C, which is close to the normal human body temperature, and its proven biocompatibility. [7] [8] [9] [10] [11] The biocompatibility of PNIPAM in contact with BFFs, 12 human epithelial colorectal adenocarcinoma cells (Caco-2) and lung cancer cells (Calu-3), 13 mesenchymal stem cells derived from rat bone marrow (BM-MSCs), human adipose tissue (AT-MSCs), 14 smooth muscle (SMC), 15 and other biological systems has been demonstrated. In addition, the cytotoxicity of PNIPAM and bioadhesive properties of murine preadipose cells (3T3-L1), human embryonic kidney cells (HEK293), and human carcinoma-derived cells (A549) in contact with these surfaces were recently studied. 16 In many cases, swollen hydrogels can be extremely weak materials and exhibit poor mechanical properties, 17 thus limiting their utilization as three-dimensional matrices. 18 However, there are several strategies to increase the material elastic modulus 19 including semi-interpenetrated systems, 20 polymeric nanocomposite formation, 21, 22 co-polymerization, 23 modication of the monomer/crosslinker ratio, 24 and the incorporation of rodlike pores. 25 Previous works have demonstrated that the timevarying mechanical properties (viscoelasticity) of synthetic ECMs can alter the cellular mechanotransduction processes. Thereby, it has been demonstrated that viscoelastic synthetic ECMs mimic the cellular microenvironments more closely. 26 Hydrogels have recently gained signicant interest in the eld of 3D tissue engineering and in vitro cell culture techniques due to their inherent interconnected porous structure and the relative simplicity of porous micrometer size formation. 27 The intrinsic porosity (nanopores) of hydrogels allows the diffusion of biological ows but its size is not big enough to allow cell proliferation/migration inside the material. Although a macroporous scaffold would allow cell growth inside the matrix, this could weaken its mechanical properties. In the last few years, we have been successful in increasing the porosity and Young's modulus of PNIPAM hydrogel through the synthesis based on the cryogelation of NIPAM at sub-zero temperatures in the presence of a crosslinker and the initiator system. 25 To the best of our knowledge, research works studying the changes in the mechanical properties of 3D scaffold materials during cell culture do not exist. Therefore, this work is focused on the study of mechanical, physicochemical, and biological behaviour of the cell-scaffold system during several culture days of BFF, which are used as model cells.
Cytotoxicity was analysed by MTT and Neutral Red staining assays. Cellular distribution inside the scaffold was followed through cell nuclei uorescence staining with Hoechst 33258. Confocal microscopy conrmed cell proliferation inside the 3D scaffold and the presence of collagen over the matrix was observed by the Picrosirius polarization (PSR-POL) method. Cell adhesion was analysed by bright-eld optical microscopy. Regarding the mechanical properties of the 3D matrix, a signicant decrease in the elastic modulus value was observed during the rst days and then, aer 40 culture days, a slight increase, probably due to cell growth and collagen production, was observed. The initial observed change in the Young's modulus of the scaffold could be due to a fast relaxation exhibited by the macroporous hydrogel, which then remains stable for a long duration during cellular growth. Therefore, the observed results suggest that the PNIPAM scaffold is highly biocompatible for 3D cell culture since it preserves the mechanical properties and the cell proliferation, adhesion, and migration can progress for more than 75 culture days.
Experimental methods

Materials
Hydrogels were synthesized via free radical polymerization of Nisopropylacrylamide (NIPAM) (Sigma-Aldrich). N,N-Methylenebisacrylamide (BIS) (Sigma-Aldrich) was used as the crosslinking agent. Ammonium persulfate (APS) (Sigma-Aldrich) and N,N,N 0 ,N 0 -tetramethylenediamine (TEMED) (Sigma-Aldrich) were employed as the initiator system. The reaction mechanism of hydrogel formation is described in the ESI (Scheme S1). †
Synthesis of macroporous PNIPAM hydrogel scaffold
Crosslinking agent, BIS (2% moles based on NIPAM moles) and APS (0.001 g mL À1 ) were dissolved in an aqueous solution of NIPAM monomer (0.5 M). The pre-polymeric solution was kept at 0 C. Then, TEMED (10 mL mL À1 ) was added, and the solution was transferred to a 1 mL plastic syringe and sealed immediately. The loaded syringe was placed in an expanded polystyrene tubular box, where it ts tightly, with one of its extremes open and the other closed to allow unidirectional cooling (Scheme 1). This system was placed in a freezer set at À18 C and kept undisturbed. Aer 24 h of reaction, complete conversion was achieved. Then, the contents of the syringe were thawed at room temperature and the wet hydrogel was thoroughly washed with deionized water to remove the unreacted chemicals. 25 Physicochemical and mechanical characterization of the hydrogel scaffold Fourier transform infrared spectroscopy (FTIR). FTIR spectra were recorded on a Nicolet Impact 400 spectrometer (Nicolet Instrument Corporation, Madison, Wis. USA) by transmission. The dry hydrogel was crushed and mixed with dry KBr salt to form pills under pressure and vacuum.
Differential scanning calorimetry (DSC). Differential scanning calorimetry measurements were used to determine the phase transition temperature of the thermosensitive hydrogel. The measurements were conducted using a DSC 2010, purchased from TA Instruments, under N 2 ow. Sealed aluminium capsules were quickly cooled in the calorimeter chamber at À25 C by lling the outer reservoir with a frozen solution of CaCl 2 in water (80% w/w). Aer several minutes, the system reached the equilibrium state. The sample holder assembly was then heated to 60 C (above the phase transition temperature) at a rate of 10 C min À1 . The temperature was maintained below 100 C to avoid sample water evaporation.
Scaffold swelling percentage. Hydrogel samples, previously washed and dried, were weighed and then placed in complete cell culture medium, DMEM/FBS (DMEM Invitrogen, with 10% v/v of fetal bovine serum (FBS)), at 37.0 AE 0.5 C. The swelling experiments were carried out at the dened cell culture days.
Each sample was removed from the culture medium at days 0, 14, 22, 45, and 75, weighed, and then the equilibrium swelling percentage was calculated as:
where W eq represents the weight of the hydrogel at the dened culture day and W dry is the weight of the dry hydrogel determined before the experiment begins. % Sw(eq) at day zero was determined by considering W(eq) aer 24 h of swelling without the cells. 5 Equilibrium swelling percentage (% Sw(eq)) represents the maximum capacity of the hydrogel to absorb the solution at a dened temperature. % Sw(eq) values were obtained by averaging ve measurements.
Analysis of hydrogel morphology. The hydrogel morphology was analysed by using scanning electron microscopy (SEM) and optical microscopy. The samples were examined in a LEO 1450VP variable eld emission SEM. To perform this method, the samples were previously freeze-dried and then covered with a thin layer of gold by sputtering (2 min at 15 mA). In addition, the freeze-dried samples were observed by an inverted optical microscope (Nikon Ti-S 100, Nikon Japan) and the photographs were taken using a digital camera (Nikon, Japan).
Elastic modulus (E) determination by uniaxial compression. The elastic modulus of an object is the slope of the stress-strain curve in the elastic deformation region. 28 Details about the performance of the device (used to determination of E) and used equations have been previously described 29 and are represented in Scheme 2. A cylindrical hydrogel piece of approximately 0.5 cm diameter and 1-1.5 cm height was placed on an analytical digital balance (OHAUS Pioneer, readability and reproducibility of 0.1 mg). Then, a force (F ¼ m Â g) was applied on the hydrogel through a micrometric actuator (m is the read mass and g is the acceleration due to gravity). The stress 3 was calculated as F/A, where A is the transverse area of the cylinder. The resulting deformation was measured using a digital comparator (Schwyz electronic indicators). The length changes in the comparator were measured before (L 1 ) and aer (L 2 ) the application of force, and DL was calculated as their difference (L 2 À L 1 ). L 0 was measured using an absolute micrometer and the strain was calculated as s ¼ DL/L 0 . The force and the resulting deformation were recorded aer 30 seconds of relaxation. During the measurements, the load was increased in successive steps until the hydrogel was deformed up to about 10% compression. By plotting 3 against s, it is possible to calculate the Young's modulus (E) from the slope.
Uniaxial compression was applied on individual cylindrical hydrogels swollen in the equilibrium state in the culture medium. Keeping the hydrogel at 37 C in our device during the determination of E was not possible; therefore, it was proposed to simulate the swelling state of the collapsed hydrogel. For this, during culture, the hydrogel was le at 37.0 AE 0.5 C in the culture medium until its collapsed equilibrium state; aer the removal and equilibration at room temperature, the elastic modulus was measured. In this way, the hydrogel contains the amount of liquid corresponding to the collapsed state. All the samples were treated equally to simulate the same conditions. At the same time, the elastic modulus was measured without and with cells inside the 3D macroporous hydrogel at different days of culture. The experiments were performed thrice and the results were averaged.
Biological experiments
Seeding method of bovine fetal broblasts (BFF). BFF cells, modied to constitutively express a green uorescent protein (GFP) (generously provided by Dr Wilfried Kues, Friedrich Loeffler Institute, Germany), were used to perform the experiments. 30 BFF were cultured in Dulbecco's modied Eagle's medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) antibiotic-antimycotic (penicillinstreptomycin-fungizone, Gibco). Cells passaged at 80-85% conuence and were used aer passage for all the experiments.
Macroporous PNIPAM cylinders were employed as 3D scaffold matrices with the following dimensions: 5.5 mm (cylinder diameter) and 9.5 mm (tube length) at 22.0 C. Two days prior to cell seeding, the 3D scaffolds were sterilized in 70% ethanol overnight. 31 The ethanol was removed by collapsing the hydrogels and washing them with PBS (phosphate saline buffer, pH 7.4) for 30 min three times. Aer that, the matrices were washed twice for 30 min in PBS supplemented with 10% v/v antibioticantimycotic. To remove traces of antibiotic-antimycotic, the hydrogels were washed anew with PBS, as previously described. The hydrogels were collapsed and rehydrated (swollen) with complete cell culture medium (DMEM, 10% fetal bovine serum (FBS), and 1% antibiotic-antimitotic) overnight and placed at the well bottom of a 24-well plate with complete DMEM/FBS medium. On the next day, BFFs were seeded onto macroporous hydrogels at a density of 10 5 cells per well, as shown in Scheme 3, and incubated at 37 C under 5% CO 2 humidied atmosphere for 75 days. 12 Viability assays. To evaluate the material cytotoxicity, two assays were carried out-MTT and Neutral Red uptake (NR). MTT assay is oen used to determine the cytotoxicity following exposure to toxic substances. MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) is a water-soluble tetrazolium salt, which is converted to insoluble purple formazan by the cleavage of the tetrazolium ring by succinate dehydrogenase mitochondrial enzyme. The formazan product is impermeable to the cell membranes and therefore, it accumulates in healthy cells. 32 The Neutral Red uptake assay is also used to measure the cell viability. It is based on the ability of viable cells to incorporate and bind the supravital dye Neutral Red in the lysosomes. 33, 34 Briey, BFFs were seeded in 96-well plates at 5 Â 10 3 cells per well in 200 mL of complete DMEM/FBS. Aer one day, a piece of the hydrogel was placed in contact with the cells and then incubated for 24 h at 37 C in a humidied atmosphere of 5% CO 2 . Aer this, the hydrogel piece was removed and MTT or NR solution was added.
MTT reagent (1 mg mL À1 ) was added to each well and further incubated for 3 h at 37 C. The reaction mixture was removed from each well, replaced by 100 mL of dimethyl sulfoxide (DMSO), and the optical density (OD) was measured at 540 nm using a microplate reader (Bio-Rad). Each experimental condition included a viability control group in which the hydrogel was omitted. The viable cell number aer 24 h of culture was expressed as OD of formazan obtained for each hydrogel and control group.
For the NR assay, 1 mg mL À1 of NR was added to the cells and the cell control, which were incubated for 3 h. Aer incubation, the solution was removed, the wells were washed, and NR desorption solution (49 parts of water, 50 parts of ethanol, 1 part of acetic acid, freshly prepared) was added to all the wells. The plates were shaken for 30 minutes and thereaer, the absorbance was measured at 540 nm in the same way as the MTT assay.
Cell nuclei distribution and morphology. To analyse the cell nuclei distribution inside the hydrogel matrix, Hoechst 33258 nuclear staining technique was used. The cells inside the PNI-PAM macroporous hydrogel were xed with methanol at À20 C at least 12 h before the staining and then small pills were cut. 100 mL of Hoechst 33258 (100 mg mL À1 ) 35 was added to cover the pieces for 15 minutes. Aer that, the pills were washed with PBS and were observed by inverted uorescence microscopy under UV light (lter range: excitation 360 AE 40 nm and uorescence emission 460 AE 50 nm).
The images of a small piece of hydrogel with cells expressing a green uorescent protein (GFP) grown inside it were acquired by confocal laser scanning microscopy (Olympus FV 1200) to analyse the cell morphology.
Both types of uorescence, Hoechst and GFP, were observed on the same sample, in order to verify the cell growth.
Picrosirius red polarization method for the determination of collagen (PSR-POL). Sample analysis was carried out following the protocol of histological assessments. Portions of approximately 6 mm 3 of hydrogel scaffolds aer 14, 22, 43, and 75 days of culture were xed by immersion in 10% (v/v) buffered-saline formaldehyde pH 7.2-7.4 at 4 C, dehydrated with alcohol, and embedded in paraffin. Then, the pieces were cut in z5 mm histological sections with a microtome (Micron, Germany) and mounted on slides.
Paraffin-embedded sections (5 mm thick) were deparaffinised through xylene and a graded alcohol series, and then stained for 30 minutes with Picrosirius Red (0.1% of Sirius Red in saturated aqueous picric acid), as described by Junqueira et al. 36 for collagen bundle detection. Sections were then mounted for observation under polarized light microscopy (Nikon Labophot-Pol).
Statistical analysis. Data were analysed using ANOVA with INFOSTAT/L program. Post-hoc comparisons were performed using Bonferroni's test. The values are expressed as means AE SE and p < 0.05 was considered statistically signicant.
Results and discussion
Characterization and morphology of the 3D macroporous scaffold Macroporous PNIPAM hydrogels were synthesized via cryopolymerization. Unidirectional cooling at À18 C allows the use of water crystals as template of rod-like macropores.
The FTIR spectrum shows the characteristics bands of functional groups of PNIPAM. An intense band in the range of 3700-3000 cm À1 corresponding to N-H signal of secondary amides and amides associated and 2800-3000 cm À1 of C-H stretching can be seen. The N-H stretching bands of amide I and II appear at $1660 and 1518 cm À1 and the isopropyl methyl deformation bands at 1386 and 1367 cm À1 (ESI, Fig. S1 †) . 17 In addition, characteristic phase transition temperature was determined by DSC at $33.7 C in water and at 33.9 C in the culture medium (ESI, Fig. S2 †) , which corresponded to the bibliographic dates. 5 Thin lms of hydrogel cylinder were cut to analyse the morphology by optical microscopy and SEM.
In order to verify the presence of longitudinal pores, cuts at parallel and transversal directions to the major axis of the cylinder hydrogel were made. Optical microscopy image of lyophilized hydrogel shows, in Fig. 1A , the spherical pores separated by hydrogel thin walls (thin black zones) while Fig. 1B shows the longitudinal rod-like pores.
A freeze-dried piece of hydrogel was covered with gold to be analysed by SEM. Fig. 1C and D show the images of transversal cuts where macropores have diameters of about 100 mm. Besides, macroporous walls also have micropores of about 5 to 20 mm diameter, which interconnect the macropores.
Both the microscopies conrm that longitudinal and interconnected pores inside the hydrogel are obtained by unidirectional cryopolymerization. 25, 37 Previous studies have demonstrated that pore sizes of 5-15 mm are optimum for broblast growth and 100-350 mm for bone regeneration, while pore sizes of 500 mm are required for vascularization and brovascular tissue growth. 38 In this way, the material studied in this work has the porosity and microarchitecture required to be used as 3D scaffold, allowing the free ow of biological uids and cell migration and growth inside the material.
Cytotoxicity assays and cell distribution
The cytotoxicity assays were performed in order to verify the viability of BFF cells in contact with the 3D PNIPAM scaffold. So, two different assays were performed: MTT and Neutral Red. MTT assay indicates the healthy cell number by the accumulation of formazan inside the cell cytoplasm while Neutral Red is accumulated inside the functional lysosomes. The optical density of the corresponding dyes was followed at 540 nm for both assays aer 24 h of BFFs, which are shown in Fig. 2A . The OD differences between the negative control (polystyrene) and the cells in contact with the PNIPAM scaffold are compared and no signicant differences are observed, indicating the absence of toxicity.
On the other hand, Hoechst staining assay gives information about cell distribution inside the matrix. Hoechst 33258 (C 25 H 26 N 6 OH) is a uorescent molecule permeable to the cell bilayer that binds to the DNA of live cells, which can be easily followed by inverted uorescence microscopy. In Fig. 2B , a great number of uorescent points corresponding to uorescent cell nuclei can be seen. A homogenous distribution was observed in the PNIPAM scaffold aer 40 culture days. The same distribution was observed later by confocal laser scanning microscopy.
3D cell proliferation by confocal laser scanning microscopy
Cells expressing GFP allow us to follow the 3D cell growth during several culture days by confocal laser scanning microscopy. In addition, Hoechst staining enables us to recognize viable cells, by comparison of merged images. The scanned area corresponds to 497.64 microns (axis z) and 635.205 Â 635.205 microns (axis x and y) where 429 slides are merged.
Aer 40 culture days, it can be seen in Fig. 2C that the green zones corresponding to the GFP-cell adhered to the hydrogel walls unlike the black zones that correspond to empty pores. These images conrm that BFFs penetrate the scaffold, adhere to the hydrogel walls, and grow inside the macroporous matrix. Noteworthly, BFF cells are not stained; these were chemically modied to constitutively express a green uorescent protein, which is a part of the genomic sequence of cellular ADN. Therefore, the hydrogel cannot be stained by the cells.
Similar images were observed aer Hoechst staining (Fig. 2D) , where the high density of the uorescent nuclei did not allow the clear observation of the isolated cell nucleus. The overlapping images (Fig. 2E) corroborate the presence of zones where the cells adhered, grew, and proliferated, and the zones without uorescence correspond to the matrix walls and empty pores.
It was also demonstrated that the PNIPAM surfaces are biocompatible in contact with bovine fetal broblast, showing high cellular adhesion and proliferation aer 15 days of culture. 12, 25, 39 Herein, we demonstrate that the use of this material as a 3D structure for cell growth is also possible. Evidently, the 3D macroporous hydrogel is cytocompatible. Regarding the concave shape of the scaffold pores (non-at surface), this does not enable the cells to easily adopt their normal morphology (attened and spindle-shaped morphology) such as that observed on at surfaces. Even so, it could be demonstrated that the macroporosity of the scaffold material allows cell proliferation since this structure of interconnected macropores not only allows the free ow of waste molecules and nutrients but also the cell migration inside the material. This behaviour is observed from the rst day to more than 70 days of culture. This proliferative capacity over time is a desired feature in the development of biomaterials.
Physicochemical and mechanical properties of the 3D macroporous PNIPAM scaffold before and during cell proliferation
Previous researches have demonstrated that the maximum swelling capacity and equilibrium swelling capacity (% Sw(eq)) of the hydrogels depend on medium properties such as ionic force, pH, temperature, porosity, and cross-linking density. For example, the % Sw(eq) of non-porous (molecular porosity) PNIPAM was reported as 2600% in water and 941% in DMEM culture medium at 25 C, while at 37 C (culture condition), the % Sw(eq) decreases to 89% in both the mediums. 12 On the other hand, the % Sw(eq) of the macroporous PNIPAM hydrogel in water is 1900% at 25 C, 25 which is rather less than that in the non-porous PNIPAM. The swelling capacity must not only be strongly dependent on the solvent and environment temperature but also dependent of the matrix morphology.
It is known that these properties are directly related to the physicochemical and viscoelastic capacity of the hydrogel. Therefore, and according to the mentioned precedents, we think that the swelling capacity as well as mechanical properties of the seeded scaffold could change as the culture days pass. Therefore, both properties were observed during several culture days. Keeping the scaffold culture conditions constant (swollen in DMEM/FBS at 37 C), the possible variations in the physicochemical properties of the matrix due to pH, temperature, and ionic force changes are resisted. The values of % Sw(eq) were determined considering the amount of solvent taken by the matrix in culture conditions. The % Sw(eq) at zero day was calculated aer 24 h of swelling in DMEM/FBS. The obtained values of % Sw(eq) are shown in Fig. 3A , where it can be noted that the presence of cell growth inside the matrix does not signicantly affect the swelling capacity of the scaffold. At the same time, the elastic moduli of cylindrical matrices were determined by uniaxial compression during cell proliferation at culture conditions (DMEM/FBS and 37 C). The elastic modulus value of the scaffold before cell seeding was 280 kPa and aer cell seeding begins to decrease at about 40 kPa in the rst culture days. This could evidence possible matrix rearrangement 40 or even proteolytic degradation. 3, 41 However, the elastic modulus value remained approximately constant at about 20 kPa from 14 to 40 culture days and then increased, thus achieving a value of 36 kPa aer 75 culture days. Concurrently, the elastic modulus of the scaffold, at culture conditions but without seeded cells, was also followed during the same culture days and the elastic modulus values were not signicantly altered.
A decreasing during the rst few days would indicate biodegradation or rearrangement of the so scaffold. If biodegradation were occurring, this could tend to a total disintegration over time but it does not occur. In addition, the initial sharp fall and recovery of E is a strong evidence of the structural rearrangement of the matrix without biodegradation since the observed E values aer 10 culture days are within the normal reported values. 37 Although a large number of hydrogels based on biopolymers have been developed for use as 3D scaffolds for tissue engineering, most of them have the disadvantage that they are not able to preserve the mechanical properties for times longer than 30 days of culture 39, 42 and in some cases, the cell cannot adhere without the presence of anchorage molecules such as RGD. 40, 43 The ECM protein deposition such as bronectin and collagen by BFF not only favours cell adhesion on the scaffold but also reinforces the pore. These proteins contain a sequence of amino acids such as proline, hydroxyproline, and glycine that leave exposed N-H and O-H groups capable of interacting through hydrogen bonding with functional groups of the hydrogel matrix (C]O and N-H). This kind of strong bonding could also increase the rigidity of the cell-matrix system.
In addition, the mechanical properties of only cells also could be considered. The growing cell could increase the E of the 3D system but it will depend on the live and dead cell number, which change during the culture days and these are very difficult to determine in a 3D scaffold. From Fig. 2C , it can be seen that the cell number increased considerably at 40 culture days but this does not seem to inuence E values in the same way. However, aer 70 culture days, the small increase in the E value could then be due to greater number of growing cells.
Collagen production analysed by Picrosirius Red-polarization method (PSR-POL) and degradation of matrix walls
To verify the presence of collagen, Picrosirius Red-polarization method (PSR-POL) or optical microscopy with polarized light was applied. This technique relies on the birefringent properties of collagen molecules. 44 Picrosirius Red is an elongated molecule and when it is bound parallel to collagen brils, it greatly enhances their natural birefringent, which can be detected under polarized light since they appear in bright zones in sharp contrast with the cell mass or the scaffold matrix that remains dark/black. Aer several culture days, the PNIPAM matrix was labelled with Picrosirius Red in order to detect different kinds of produced collagen. Fig. 4A and B shows the optical images of the same zone of macroporous PNIPAM matrix without (Fig. 4A ) and with polarized light (Fig. 4B) at 75 culture days. The bright zone observed in Fig. 4B indicates the presence of collagen in the inner layer of the pore walls since the non-polarized image of the hydrogel wall coincides with the polarized microscopic image.
Therefore, the presence of collagen inside the hydrogel indicates that this was secreted by the cells and can be demonstrated by this assay.
In addition, Fig. 4C -G shows the images of polarized light optical microscopy corresponding to the synthesized brillar collagen aer 40 and 75 culture days.
Comparing Fig. 4C with Fig. 4E , we can observe that the size of the brillar collagen structure considerably increases with culture days and green, yellow, and red zones could be detected ( Fig. 4F and G) . Different colours indicate different collagen thicknesses. 45 Without polarization, Picrosirius Red-stained hydrogel appears pink-red, all areas are stained, including cellular structures even if they do not contain collagen proteins. 44 In this way, the samples stained with Picrosirius Red can be analysed by bright-eld microscopy. Fig. 5 shows the images at 22 and 75 culture days where the empty colourless pores and pink-red hydrogel matrix can be observed. Therefore, the dyed matrix indicates cell growth took place on those zones. In addition, it is possible to observe at 75 days pores with bigger sizes, thus reinforcing the theory of a possible structural relaxation of the viscoelastic matrix during cell growth and proliferation.
Evaluation of cell morphology and adhesion
Observing the PNIPAM scaffold aer 75 culture days by confocal and bright-eld optical microscopy, it is possible to conrm that BFF cells mainly adhered on hydrogel walls. The cell morphology can be clearly seen in confocal image taken at rst culture days before scaffold is invaded by cell growth. In Fig. 6 can be observed that cells, at 14 culture days, tend to adopt the apparently attened and spindleshaped cell morphology. Although, hydrogel pore walls are concave, the viscoelasticity of the material allows that the cells to adopt their normal morphology in contact with the material. 
Conclusions
The 3D macroporous matrix of the PNIPAM hydrogel with longitudinal and interconnected pores can be easily synthesized by unidirectional cryo-polymerization. The obtained microarchitecture of the scaffold allows the free ow of biological uids and the cell growth inside it.
The cytotoxicity effect of the matrix was not observed since high viability of BFF cells in contact with PNIPAM was demonstrated during more than 70 culture days.
The elastic modulus values change during the culture days from 280 kPa to 20 kPa during rst culture days and then newly increase to 36 kPa in 70 culture days. However, the 3D structure of the scaffold was preserved during all days of proliferation and the elastic modulus seemed to increase. It was demonstrated that this mechanical behaviour is due to structural rearrangement of the so matrix and collagen production. Both processes favour the rigidity and stability of the 3D scaffold.
Noteworthly, the BFF cells tend to adopt the typically attened and spindle-shaped morphology but they must overcome the mechanical resistance of the matrix. Aer time-relaxation of the matrix, the cells seem to proliferate easily inside it.
Therefore, the morphological, mechanical, and biological properties of macroporous PNIPAM make it suitable for use as a 3D scaffold material due to its behaviour and high biocompatibility with BFF cell growth. Collagen production favours the interaction between the cells and PNIPAM maintaining the structural characteristics of the scaffold. The matrix characteristics and mechanical behaviour allow the application of the PNIPAM hydrogel as 3D scaffold for the in vitro cell growth in order to implant or replacement a damaged tissue. However, this cell-scaffold system stands out mainly because the PNIPAM hydrogel can maintain cells for 70 culture days without compromising their viability. The biocompatibility of PNIPAM with other cell lines could expand its eld of application in biomedical engineering, for example, using it as a scaffold of osteocyte and osteoblast in order to generate in vitro bone tissue.
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